The completion of the human genome project has enabled researchers to characterize the breakpoints for various chromosomal structural abnormalities including deletions, duplications or translocations. This in turn has shed new light on the molecular mechanisms underlying the onset of gross chromosomal rearrangements. On the other hand, advances in genetic manipulation technologies for various model organisms has increased our knowledge of meiotic chromosome segregation, errors which, contribute to chromosomal aneuploidy. This review focuses on the current understanding of germ line chromosomal abnormalities and provides an overview of the mechanisms involved. We refer to our own recent data and those of others to illustrate some of the new paradigms that have arisen in this field. We also discuss some perspectives on the sexual dimorphism of some of the pathways that leads to these chromosomal abnormalities.
THE RANDOM NATURE OF GROSS CHROMOSOMAL REARRANGEMENTS
The development of chromosomal structural abnormalities, also known as gross chromosomal rearrangements (GCR), is essentially dependent on two distinct processes: double-strand breaks (DSB) and DSB repair. DSBs can result from exogenous agents such as ionizing radiation and chemotherapeutic drugs, and also from endogenously generated reactive oxygen species and mechanical stresses on the chromosomes. 1 DSBs can impair cellular function and eventually cause cell death by triggering apoptosis. 2 To counteract such deleterious effects, DSBs are often repaired by using error-free systems; that is, homologous recombination (HR). However, GCRs are occasionally the result of an illegitimate error-prone repair system, non-homologous end joining or single-strand annealing. Moreover, the experimental induction of only two DSBs is sufficient to produce GCRs in mammalian cells. 3 DSBs that occur on the same chromosome produce deletions or inversions, whereas those on different chromosomes yield translocations.
In general, DSBs occur randomly, and thus GCR is fundamentally a random and non-recurrent event. However, some unusual situations can arise that modulate either of the two DSB-related events, induction and repair and occasionally trigger recurrent GCRs. Genomic sequence analyses of the break point region of such recurrent GCRs have revealed characteristic genomic architectures including direct or inverted repeats and the critical break points often reside within these regions. When a DSB occurs within one copy of a repeat segment, illegitimate DSB repair through the HR pathway using another copy of the repeat segments may be induced, and this is the most likely mechanism of recurrent GCR. To date, a substantial number of disease-related GCRs initiated by this mechanism have been identified, and are thus referred to as 'genomic disorders' . 4 
NON-RANDOM GCR: MEDIATION OF DELETION AND DUPLICATION EVENTS BY LOW-COPY REPEATS
One of the best-studied examples of this group of disease is CharcotMarie-Tooth disease type 1A (CMT1A), which is an inherited peripheral neuropathy that results from duplication of dosage-sensitive gene, PMP22. A common 1.4 Mb duplication of genomic segment including PMP22 gene at chromosome 17p11.2 is found in majority of patients with CMT1A. Both proximal and distal end points of the duplication are located within 24 kb low-copy repeats (LCR) that have almost an identical sequence (498%). 5 Thus, HR between the LCRs is the likely mechanism of the duplication. On the other hand, hereditary neuropathy with liability to pressure palsies (HNPP) is another type of hereditary neuropathy caused by a deletion of 17p11.2. Interestingly, the deleted segment in HNPP is identical to the duplicated region in CMT1A and the deletion end points are located within the same LCRs (Figure 1a ). 6 Similarly, 22q11 deletion syndrome (DS22) is another example of genomic disorder characterized by a combination of congenital cardiac defect, dysmorphic face, mental retardation, thymic defect and hypoparathyroidism. Initially considerable phenotypic variability of DS22 invokes the idea of contiguous gene deletion syndrome: the variation of deleted region contributes to variation of the phenotype. However, deletion mapping revealed that the deleted region of 90% of cases was almost identical regardless of their phenotypic difference. 7 Genomic sequence of this region was complicated and challenging, because more than seven copies of LCRs clustered at 22q11. 8 Finally, DS22 critical region were found to contain four copies of the LCRs, two of which contributed to generation of the 3 Mb standard deletion. Although the remaining cases with DS22 represent minor type of deletion, all deletion end points are located within the four LCRs (Figure 1b) . Later, mental retardation patients with 22q11 duplication that is reciprocal to the 22q11 deletion were reported, suggesting a common mechanism that is shared with CMT and HNPP. 9 Discoveries of these LCRs have opened up a consecutive identification of similar syndromes caused by recurrent deletion or duplication where LCRs are invariantly located at both the end points. A growing number of examples include Prader-Willi syndrome/Angelman syndrome (15q11-13), Williams-Beuren syndrome (7q11), spinal muscular atrophy (5q12-13), neurofibromatosis type 1 (NF1) (17q11), Smith-Magenis syndrome (17p11) and Sotos syndrome (5q35). [10] [11] [12] [13] [14] [15] [16] DS22 arises at a frequency of 1 in 3000 live births including a high incidence of de novo cases. Indeed, PCR detects frequent de novo deletions in sperm from healthy donors. 16 This high recurrent rate invokes an idea of involvement of a physiological event, meiotic recombination, in generation of deletion/duplication. In meiosis I, programmed induction of DSBs by SPO11 endonuclease is followed by homologous chromosome pairing and subsequent error-free DSBrepair by HR. A subset of HR results in a crossover of homologous chromosomes that contributes to exchange in genetic materials and diversity of gametes (Figure 1c, left) . However, LCR flanking the DSB site might induce mispairing to another copy of LCR with high homology, resulting in non-allelic homologous recombination (NAHR) (Figure 1c, middle) . The possible outcome is a deletion on one allele and a duplication on the other. 4 Another pathway that can potentially produce LCR-mediated deletion is an intrachromosomal NAHR between the LCRs on the same chromosome (Figure 1c, right) . In this case, segment between the two LCRs would be looped out, generating only a deletion. 17, 18 The LCRs involved in CMT1A or DS22 manifest recombination frequency of average levels, suggestive of no DSB or recombination hotspot activity of the LCRs. 19, 20 Thus, recurrent GCRs of this type are unlikely to result from non-random DSBs, but from non-random DSB repair through illegitimate NAHR.
Pelizaeus-Merzbacher disease is one of the hereditary neurodegenerative disorders resulting from deletion/duplication of the chromosomal region including dosage-sensitive PLP1 gene on Xq22. In contrast to other genomic disorders, the analysis of break points revealed no LCR-like genomic structures at either ends of deletions or duplications. Recently, sequence refractory fragments that preclude the Other minority cases also carry deletions between each LCR. TBX1, the gene responsible for the phenotype, is located between LCR22-A and LCR22-B. (c) Possible mechanism of LCR-mediated deletion and duplication. Two homologous chromosomes (paternal and maternal) are indicated by bold and dotted lines, respectively. In normal meiotic recombination, because crossover is placed on the equivalent position for each chromosome, the copy numbers of each chromosomal region do not change (left). However, the highly homologous nature of LCRs gives rise to mispairing of the homologous chromosomes, which induces NAHR (middle). An alternative hypothesis is that intrachromosomal recombination is followed by a looping out of the intervening region (right).
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H Kurahashi et al progression of DNA polymerase have been consistently identified at these rearrangement junctions. 21 This observation suggests that a unique mechanism related to DNA replication-stalling that might cause non-random DSB formation and might potentially be another source of recurrent GCRs.
NON-RANDOM GCR: PALINDROME-MEDIATED TRANSLOCATION Somatic translocations are often identified in association with certain tumors and leukemias. A translocation that occurs in a single cell should normally be harmless, even if it disrupts an important gene. However, when a translocation accidentally activates the oncogenic process through the generation of a chimeric oncogene, the cell can acquire a growth advantage that causes unrestricted clonal expansion. Even in recurrent tumor-related translocations that appear to be cytogenetically identical, such as the well-known t(9;22)(q34;q11) observed in chronic myeloblastic leukemia, the translocation break points have been shown to be non-identical when examined at a molecular level. 22 In other words, although they often involve the same genes, their molecular location within those genes varies considerably. However, a subset of oncogenic translocations does arise in a non-random fashion. These distinct break points are the sites of translocation often associated with lymphoblastic leukemias/lymphomas that are often found at immunoglobulin or T-cell receptor gene loci. As these genes normally undergo somatic rearrangement to achieve diversity of the encoded protein, errors in this physiological DSB and DSB-repair process may be involved in the generation of translocation events. 23 Similarly, most constitutional translocations are random events associated with non-recurrent break points. However, rare recurrent constitutional translocations have also been revealed, and are reminiscent of a specific genomic structure, such as the LCR. The Robertsonian translocation is one of the best known non-random constitutional translocations and is characterized by a fusion of the centromeres of two acrocentric chromosomes. Because the centromeric region is composed of long stretches of specific repeat sequences, HR events between these repeats may be involved in generation of this translocation. 24 In support of this hypothesis is the high frequency of de novo Robertsonian translocations in the germ line, which is akin to the LCR-mediated deletion/duplication. The short arms of acrocentric chromosomes are rich in ribosomal genes associated with the nucleolar organizer region in interphase nuclei, and this might also affect the high incidence of the translocations. 25 The t(11;22)(q23;q11) is another example of a recurrent constitutional translocation in humans. Although balanced carriers of the t(11;22) usually manifest no clinical symptoms, translocation carriers often have problems with reproduction, such as male infertility, recurrent spontaneous abortions and the birth of offspring with a chromosomal imbalance known as Emanuel syndrome (supernumerary der(22)t(11;22) syndrome). We have previously identified palindromic AT-rich repeats (PATRRs) at both break point regions on 11q23 and 22q11. [26] [27] [28] The PATRRs on 11q23 and 22q11 (PATRR11, PATRR22) are 450 and 590 bp in length, respectively, with a high AT content of more than 90%, constituting a nearly perfect palindromic structure with 98% identity between its proximal and distal arms Cruciform extrusion of the plasmid harboring the PATRR11 region. The plasmid bearing the PATRR11 insert was fixed using psoralen treatment followed by ultraviolet exposure. The PATRR11 fragments were then released with restriction enzyme digestion and were visualized using atomic force microscopy. (c) Translocation-specific PCR. Arrows indicate each arm of the PATRR11 (solid arrows) and the PATRR22 (hatched arrows) regions. Translocations can be detected using one of the primers flanking PATRR11 and with one of the primers flanking PATRR22. PCR primers for the detection of der(11) are also indicated (triangles). Centromeres are represented as circles. (d) Detection of de novo translocation. Genomic DNA was extracted from sperm samples and subjected to translocation-specific PCR by using multiple batches of template DNA. The gel images show the PCR results for sperm DNA (upper panel) and lymphoblast DNA (lower panel). Lane N, negative control; lane P, genomic DNA from a t(11;22) balanced carrier serving as a positive control. Figure 2a ). However, in spite of their similarity with regard to ATrichness, no substantial homology was observed between PATRR11 and PATRR22 (58% identity), suggesting that HR is not responsible for this recurrent translocation. A more detailed characterization of the junction involved further revealed remnants of DSBs at the center of the two PATRRs, followed by repair through the non-homologous end joining pathway. [29] [30] [31] [32] Two unrelated constitutional t(17;22)(q11;q11) translocations associated with NF1 disease have been reported. 33, 34 These two translocations disrupt the NF1 gene on 17q11, which produces the NF1 phenotype in the affected patients. Further analysis of the break points revealed that the translocation occurred between PATRR22 and another B200bp PATRR within intron 31 of the NF1 gene. [34] [35] [36] Subsequent molecular cloning of other translocation break points has demonstrated similar palindromic, often AT-rich sequences on partner chromosomes, such as 4q35.1, 1p21.2 and 8q24.1. [37] [38] [39] Hence, this subset of translocations seems to occur in a non-random fashion possibly mediated by the DSB susceptibility of palindromic DNA.
Small palindromic sequences such as the PATRRs have the potential to form stem-loop structures by intrastrand base pairing within single-stranded DNA. As a consequence, they form a specific secondary structure, either a single-stranded hairpin or a double-stranded cruciform (Figures 2a and b) . 40 It is not yet certain whether such cruciform DNA actually exists in living cells. However, this phenomenon is indirectly evidenced by the fact that the polymorphisms within the PATRRs affect the susceptibility to translocation. Longer and more symmetric PATRR alleles with potent cruciform-forming propensity in vitro show a strong predisposition to translocation events. 41, 42 It is proposed that the secondary structures adopted by palindromic DNA induce a greater susceptibility to DSBs thus leading to recurrent chromosomal translocations in humans. 26 This hypothesis has been recently verified using a plasmid-based model system that recapitulates PATRR-mediated translocation. 43 Such secondary structureinduced GCR has also been evidenced by the presence of DNA segments that could potentially adopt triplex DNA conformations at the break points of the recurrent t(14;18)(q32;q21) translocation in follicular lymphoma. 44 In a manner that is analogous to the Robertsonian translocation, the intranuclear localization of the associated break point regions might also affect the recurrent nature of the t(11;22) translocation. Recent data have supported an emerging consensus that chromosomes are compartmentalized into discrete territories. 45 In B-cell lymphoma, a prevailing hypothesis is that the spatial proximity of the two break point loci affects the translocation-susceptibility levels. 46 With regards to t (11;22) , the break point region at 11q23 is located closer to the other breakpoint at 22q11 than to other loci, which might facilitate illegitimate repair leading to translocation. 47 
THE DIMORPHIC FEATURES OF GCR
We established a t(11;22)-specific PCR system that utilizes sequence data for the region around the PATRR. PATRR-flanking primers were designed both on 11q23 and 22q11 to amplify the junction fragments of the der(11) or the der (22) (Figure 2c ). We thereby successfully amplified the der(11) and der(22) junction fragments of balanced t(11;22) carriers as well as the der(22) of patients with Emanuel syndrome. 29 Translocation-specific PCR was then performed using conditions that would allow for the detection of a single molecule of the target DNA. When DNA derived from sperm samples obtained from healthy male volunteers was amplified using our assay, we obtained both positive and negative PCR results, indicating that we had successfully detected translocation products that were de novo in origin (Figure 2d ). 48 Surprisingly, translocation-specific PCR has never detected the de novo occurrence of translocation in any tissues other than sperm. 48 Diverse human tissues such as peripheral leukocytes and skin fibroblasts have been found to be consistently negative using a PCR assay for translocation. We also tested various long-term cultured somatic cell lines derived from human cells, but all proved to be negative. The fact that only sperm samples produce de novo t(11;22)s leads us to speculate that PATRR-mediated translocations occur primarily during meiosis. These findings are thus quite unusual and seem to be inconsistent with established mechanisms regarding the instability of palindromic DNA sequences that have been described for many experimental organisms. 49, 50 Such genomic instability seems to be primarily mediated by stalling of the DNA replication fork at a region that forms a hairpin structure. 51 However, the apparently spermspecific de novo occurrence of PATRR-mediated translocations may suggest a novel paradigm regarding palindrome instability that is independent of DNA replication. The frequency of de novo t(11;22) translocations in sperm has been found to be independent of the age of the donors. 52 If the translocation events occur during DNA replication, the samples from older donors should include a greater number of translocations as they have undergone a greater number of cell divisions (Figure 3a) . Thus, these findings lend support to the possibility of replication-independency of this phenomenon.
To further evaluate the possible existence of such a meiosis-specific translocation mechanism, it must be determined whether female germ cells can also produce de novo t(11;22) events. However, translocationspecific PCR is not feasible for this purpose because the number of human oocytes that can be examined is limited. As an alternative approach, we collected samples from individuals who had undergone a de novo t(11;22) and also their parents to determine the origin of the translocation by assessing the sequence variation within the PATRRs. By segregation analysis, we have so far found that the de novo events are exclusively of paternal origin in our patient population although the number of samples examined thus far is small (unpublished data). This finding implies that it is not necessarily meiosis, but a spermatogenesis-specific mechanism that permits the development of the t(11;22) translocation. DNA breakage might occur during late spermatogenesis when it is packaged into dense chromatin. A plausible explanation is also that during the transition of the histones to protamine, their release from nucleosomes may have a role in the release of free-negative supercoiling and thus facilitate cruciform extrusions at the PATRR. 40, 53 Whereas 90% of numerical chromosomal abnormalities in the germ line are derived from maternal errors in meiosis, 80% of the structural chromosomal abnormalities are of paternal origin. 54, 55 This is not surprising because it is quite likely that the relatively higher number of cell divisions that occurs during spermatogenesis compared with oogenesis (Figure 3a) increases the probability of DSB formation, whereas a lack of efficient DNA repair in late spermatogenesis may also contribute to this disparity. However, our current hypothesis points to the importance of post-meiotic chromatin dynamism and changes in the DNA topology during spermatogenesis for the generation of translocations. This has important implications for the novel hypothesis that de novo GCRs in humans are predominantly of paternal origin.
In sharp contrast, Robertsonian translocations preferentially occur during female meiosis. 56 This clearly reflects the difference in the development of the Robertsonian translocation, in which meiotic recombination might be involved. Consistent with this is the observa-tion that LCR-mediated deletions are predominantly derived from errors in female meiosis. 57 The higher recombination rate found in female meioses compared with their male counterparts may also be relevant to these observations. 58 GENETIC SUSCEPTIBILITY TO GERM LINE CHROMOSOMAL ANEUPLOIDY Other types of chromosomal aberrations include numerical abnormalities such as trisomy or monosomy, also known as aneuploidy. In the conceptus or fetus this occurs in at least 5% of all pregnancies and is a common reproductive problem in humans. 59 Some fetuses with aneuploidy survive to term but suffer from disorders associated with congenital anomalies and mental retardation such as Down syndrome with trisomy 21. However, most conceptuses of autosomal aneuploidy die in utero, resulting in early pregnancy loss.
Most germ line aneuploidy occurs as a consequence of the nondisjunction of homologous chromosomes during meiosis I. A considerable body of evidence obtained from the analysis of genetically manipulated model organisms has been accumulated in relation to how the meiotic machinery is involved in non-disjunction. 60, 61 There is an emerging consensus that the events that occur during prophase in meiosis I are essential for the proper segregation of homologous chromosomes. 62 Homologous chromosomes that behave independently during mitotic division have to segregate into two different daughter cells in meiosis I. To accomplish this process, homologous chromosomes interact with each other utilizing a specialized HR pathway (Figure 4a) . Initially, chromosomal DNA undergoes programmed cleavage through SPO11 endonuclease at more than 100 sites dispersed throughout the entire genome. To repair these DSBs correctly, a subsequent HR pathway is activated and the broken DNA ends begin looking for homologous regions with the aid of RAD51 and RAD52. As a consequence, two homologous chromosomes are brought together in close association, known as homolog-pairing. A proteinous structure known as the synaptonemal complex is then formed between the paired homologous chromosomes and the DNA lesions are subsequently repaired through HR. At the final step in HR, a four-stranded DNA structure, the Holliday junction that physically links two chromosomes is resolved in one of two ways, crossover or non-crossover. Crossover maintains the physical linkage of the chromosomes (chiasmata) and produces the appropriate bi-orient tension at the opposite spindle poles during metaphase in meiosis I. This then transmits signals to the checkpoint machinery allowing cells to enter anaphase (Figure 4b) . Thus, the number and location of the crossover events are strictly regulated (crossover assurance and interference). Meiotic recombination, which is well known as a mechanism that shuffles genetic material to produce variation among individuals, is also indispensable for the proper segregation of homologous chromosomes.
It is not unreasonable to hypothesize that genetic defects in the meiotic machinery in humans induce a greater susceptibility to nondisjunction and the generation of an aneuploid conceptus. 63 There has been an anecdotal consensus that a woman with a previous aneuploid conception has an increased recurrence risk for the same or a different aneuploidy. 64, 65 Recently, we identified mutations in the SYCP3 gene in two women with a recurrent pregnancy loss at between 6 and 10 weeks, possibly due to a repeated aneuploidy. 66 The SYCP3 protein is an essential component of this synaptonemal complex and promotes the connection of homologous chromosomes during prophase in meiosis I (Figure 4b) . 67 Both identified mutations in this gene are heterozygous, possibly affecting the function of the wild-type SYCP3 protein through a dominant-negative effect. The phenotypes of the women were similar to that of female mice deficient in SYCP3, some offspring of which are affected by aneuploidy and succumb in utero during embryonic development. 68 As defects of other meiotic genes are reported to induce aneuploidy in oocytes in female mice, it is possible that these genes also contribute to the susceptibility to aneuploidy in humans. 69, 70 In relation to SYCP3, it is of interest that a mutation in this gene was also identified in two human patients with azoospermia. 71 Indeed, male mice that are deficient in SYCP3 are sterile due to the onset of meiotic arrest. 72 Three stages in prophase of meiosis I are believed to be critical for the proper segregation of meiotic chromosomes including (1) cohesion between sister chromosomes, (2) synapsis between homologous chromosomes and (3) the location and frequency of meiotic recombination. Notably, the phenotype of mice deficient in these genes often differs between male and female mice. 73 Whereas male mice always manifest complete infertility as a result of meiotic arrest, female mice often show aneuploidy in oocytes during 
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meiosis. This might be primarily due to differences in checkpoint robustness between female and male mice. Males may have a more stringent checkpoint during prophase of meiosis I that prevents aneuploidy in gametogenesis. Thus, the extra chromosomes in trisomic fetuses or conceptuses predominantly originate from nondisjunction events in female meiosis I. 55, 59 Furthermore, chromosome imbalances in offspring, in which either of the parents carries chromosomal structural abnormalities such as translocations or inversions, often originate from maternal gametes, whereas such chromosomal abnormalities occasionally cause azoospermia due to meiotic arrest when they are present in male mice. 74 As these structural abnormalities obviously impair complete synapsis during meiotic prophase, this phenotypic disparity may also be accounted by the checkpoint differences between female and male mice.
AGE-RELATED CHROMOSOMAL NON-DISJUNCTION IN MEIOSIS I
In human trisomy 21, three general characteristics are generally acknowledged: (1) in most cases the extra chromosome 21 is of maternal origin; (2) most cases are derived from a non-disjunction event in meiosis I; and (3) the frequency of these errors increases with maternal age. 63 The basis for the age-dependent increase in nondisjunction in meiosis I has been a long-standing enigma in this field. The first specific evidence related to this issue was the observation that oocytes from older mice display a decrease in number of chiasmata, which might predispose the germ line cells to non-disjunction in meiosis I. 75 Studies using polymorphic markers have provided supportive findings showing that the number of recombination events in chromosome 21 is reduced in human trisomy 21 cases. 76, 77 The 'production line hypothesis' has also been entertained, that is, there is a gradient in the fetal ovary such that the first-formed oocytes have a higher frequency of chiasmata than those formed at a later stage, and that the oocytes ovulate in the same order in which they enter meiosis. 75 Extensive studies using polymorphic markers have additionally revealed that the sites of recombination have a distal location bias in cases of trisomy 21. 78 More detailed analyses have further demonstrated that distal recombination is a risk only in younger mothers, but that recombination pattern is not atypical in trisomy 21 offspring of an older mother. 79 In females, the oocytes enter meiosis during the fetal period and their development arrests in the middle of prophase of meiosis I (dictyate stage) until they restart maturation just prior to ovulation at the reproductive age (Figure 3b) . Thus, meiosis I is a decade-long process that likely puts some unusual stress on the segregation apparatus during this vulnerable period. The fact that even chromosomes with typical patterns of recombination undergo non-disjunction in older women implies that oocytes that were originally normal can acquire compromised chiasmatic functions that are common to distally located recombinations and could lead to the same outcome. 79 Recent findings in mice that are deficient in SMC1B, one of the meiosis-specific components of the cohesin complex, have shed light on this proposition. In the female mutant mice, although the pattern of recombination locations detected at the MLH1 foci was found to be similar to wild-type mice, the chiasmata were predominantly located at the distal region and the number of bivalents in meiosis I was . The 5¢-ends of the DSBs are then resected and 3¢-protruding single-stranded ends are generated. With the aid of RAD51 and RAD52, the DNA ends produce nucleofilament complexes (blue circles), which facilitate genome-wide homology scanning to find homologous chromosome (red lines). Next, the single-stranded DNA end invades the homologous duplex DNA and forms a D-loop structure. DNA synthesis seals the DSBs and double Holliday junctions emerge. These Holliday junctions are resolved one of two ways, crossover (right) or noncrossover (left), with Holliday junction resolvase (green wedges). (b) Three critical steps that affect chromosomal segregation in meiosis I. In pre-meiotic S-phase, both maternal (red) and paternal (green) chromosomes are replicated and are tightly connected with cohesin complexes (purple circles). After the induction of DSBs, two homologous chromosomes undergo pairing and a synaptonemal complex (pink ladder) is established between them. Successive DSBrepair by HR results in the production of at least one obligatory chiasmata by crossover. Afterwards, oogenesis enters a period of long meiotic arrest until meiosis I restarts at puberty. Just before ovulation, two homologous chromosomes are pulled in opposite directions to two spindle poles (gray). At this moment, two homologous chromosomes are connected only by a cohesin complex distal to the chiasmata. A full colour version of this figure is available at the Journal of Human Genetics journal online.
decreased in older mutant mice. This suggests that defects in cohesin instigates a slippage of the chiasmata towards the ends of chromosome during long meiosis I in older female mice. 80 These findings may support the hypothesis that the degradation of the cohesin complex contributes to reduced number of chiasmata that will lead to an agedependent increase of non-disjunction events in meiosis I. Although the mode of turnover for the cohesin complex has remained elusive to date, it is very possible that this will be revealed in the near future.
CONCLUSIONS
Elucidation of the mechanisms that govern the generation of chromosomal abnormalities will allow evidence-based risk assessments for the next generation. Combined with the recent advances in preimplantation genetic diagnoses that can be an option for individuals at risk, this will provide a valuable source of information for clients receiving genetic counseling.
